Segmental identity along the anteroposterior axis of bilateral animals is specified by Hox genes. These genes encode transcription factors, harboring the conserved homeodomain and, generally, a YPWM motif, which binds Hox cofactors and increases Hox transcriptional specificity in vivo. Here we derive synthetic Drosophila Antennapedia genes, consisting only of the YPWM motif and homeodomain, and investigate their functional role throughout development. Synthetic peptides and full-length Antennapedia proteins cause head-to-thorax transformations in the embryo, as well as antenna-to-tarsus and eye-to-wing transformations in the adult, thus converting the entire head to a mesothorax. This conversion is achieved by repression of genes required for head and antennal development and ectopic activation of genes promoting thoracic and tarsal fates, respectively. Synthetic Antennapedia peptides bind DNA specifically and interact with Extradenticle and Bric-à-brac interacting protein 2 cofactors in vitro and ex vivo. Substitution of the YPWM motif by alanines abolishes Antennapedia homeotic function, whereas substitution of YPWM by the WRPW repressor motif, which binds the transcriptional corepressor Groucho, allows all proteins to act as repressors only. Finally, naturally occurring variations in the size of the linker between the homeodomain and YPWM motif enhance Antennapedia repressive or activating efficiency, emphasizing the importance of linker size, rather than sequence, for specificity. Our results clearly show that synthetic Antennapedia genes are functional in vivo and therefore provide powerful tools for synthetic biology. Moreover, the YPWM motif is necessary-whereas the entire N terminus of the protein is dispensable-for Antennapedia homeotic function, indicating its dual role in transcriptional activation and repression by recruiting either coactivators or corepressors.
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Hox specificity | synthetic genes | homeotic transformations | antenna-to-tarsus transformation H omeotic (Hox) genes encode transcription factors that specify body segments along the anterior-posterior axis of bilaterians (1) (2) (3) . Hox transcription factors harbor the homeodomain (HD), a helix-turn-helix DNA-binding domain that has been highly conserved throughout animal evolution and shares remarkable sequence similarity among different Hox paralogs (4) (5) (6) (7) . For Hox proteins to confer segmental identity in the developing embryo, they need to regulate differentially-notwithstanding their sequence similarity-a large number of target genes, most of the time in a paralog-specific manner. Despite our current knowledge of their DNA-binding properties (8) , the identification of Hox cofactors and "collaborators" that increase their target-selection precision (9) , the possibility of performing genomewide analyses (10, 11) , and our understanding of transcriptional regulation in vivo, we fall short of providing a complete explanation about the specificity of Hox transcription factors that would allow us to predict or identify novel Hox functions.
We have demonstrated previously that DNA-binding and the functional specificity of Antennapedia (Antp) reside in the HD and its flexible N-terminal arm, respectively (8, (12) (13) (14) , and that the YPWM motif directly links Antp to the transcriptional machinery (15) . In the present study, we find that the YPWM motif, but not its flanking regions, is required for Antp homeotic function in vivo. We derive synthetic Antp genes, which encode a small portion of the full-length protein (spanning the region between the YPWM motif and the beginning of the C terminus), and examined their function in vivo, compared with their full-length counterparts. We find that synthetic peptides and full-length Antp proteins featuring a YPWM motif are able to generate head-to-thorax transformations in the embryo, to repress endogenous Sex combs reduced (Scr), and to activate Teashirt (Tsh) ectopically. They also cause antenna-to-mesothoracic tarsus transformations through repression of Spalt major (Salm) and distal antenna (dan) and ectopic activation of grain (grn) in the antennal disc. In a twin of eyeless (toy) mutant background, which fails to launch the antennal morphogenetic program (5), they additionally transform eyes to wings. Moreover, they activate transcription and interact with the Antp cofactors Extradenticle (Exd) and Bric-à-brac interacting protein 2 (Bip2) in vitro and in Drosophila tissue culture. When the YPWM motif is replaced by WRPW, a domain interacting with the generic transcriptional corepressor Groucho (Gro) (16) , Antp repressive activity is retained in vivo. Finally, we evaluate the effect of either a long or a short linker between the YPWM motif and the HD, comprising eight or four amino acids, respectively, which occur naturally in different Antp isoforms (17) , and find that they play an important role in transcriptional potency and/or specificity in vivo.
Results
The Antp HD and YPWM Motifs Are Required for Homeotic Function in the Embryo. We initially evaluated the requirement of the HD, the conserved YPWM motif, and its flanking regions for Antp function in vivo. We constitutively expressed constructs that either lacked the entire HD and YPWM motif or contained alanine substitutions in either the YPWM motif or in the four amino acids situated N-or C-terminally to it (SI Appendix, Fig. S1 ), using the hsp70 promoter, as previously described (18) . Abnormalities in the development of the anterior (head) structures of the embryo, caused by transformation toward second thoracic segment identity (T2), are caused upon ectopic expression of Antp in the segments anterior to its normal expression domain (12, 19, 20) . The transformation includes head-involution defects, repression of prothoracic (T1) "beards," and formation of ectopic denticle bands in the head segments (12, 20) . Substitution of the YPWM motif or deletion of both the HD and YPWM motif failed to generate head-to-thorax transformations, whereas mutations in either of the sequences flanking the YPWM motif generated a phenotype similar to the one caused by ectopic expression of the WT Antp protein (SI Appendix, Fig. S1 ). This result indicates that the HD and an intact YPWM motif are required for Antp homeotic function in vivo, whereas the amino acids flanking the YPWM motif are dispensable.
Synthetic Antp Peptides, Consisting of Only the HD and the YPWM Motif, Cause Homeotic Transformations in the Embryo. The functional requirement of the YPWM motif prompted us to construct various versions of full-length and synthetic Antp genes to study the functional specificity of each module and to derive the minimal requirements for Antp homeotic function in vivo. We used constructs with long and short linkers between the HD and the YPWM motif, replaced the YPWM motif by quadruple alanines (AAAA), fused additional repressor domains to the C terminus of the protein, replaced the YPWM motif with WRPW, and also constructed synthetic Antp genes, comprising only the HD and YPWM motif but lacking the entire N terminus, to test whether they retain their homeotic function in vivo. For this purpose we used Upstream Activating Sequence (UAS) constructs and tagged the synthetic genes with eGFP ( Fig. 1 ) to allow the visualization and immunohistochemical detection of each peptide. Using the nullo-Gal4 driver (5) for strong expression of the Antp genes at the preblastoderm and blastoderm stages of the embryo, we observed that all synthetic peptides and full-length Antp proteins featuring a YPWM motif cause head-involution defects of variable strength and repression of the prothoracic beards ( Fig.  1 and SI Appendix, Fig. S2 ). In contrast, the full-length and synthetic AAAA Antp exhibited WT-like phenotypes with no repression of T1 beards ( short-linker peptides gave rise to a more pronounced head-involution defect with no detectable mouth parts in the cuticle. Therefore, the YPWM motif, but not the N terminus of Antp, is required for homeotic function in the embryo, with transformations being favored by short-linker isoforms. Replacing the tetrapeptide with WRPW retains part of its specificity in vivo.
The YPWM Motif of Antp Is Essential for Repression of Endogenous
Scr and Ectopic Activation of Tsh in the Embryo. Target genes repressed or activated by Antp in the embryo were then used as a system to determine the ability of synthetic peptides and fulllength Antp proteins to act, directly or indirectly, as transcriptional repressors and activators. Such genes include Scr (21), normally expressed in the labial and T1 segments of the embryo, and Tsh, expressed in the trunk in parasegments 3-13 (22) . Using the patched (ptc) enhancer (23) for ectopic Antp expression in the anterior compartment of every parasegment, we observed partial to complete repression of Scr by the full-length and synthetic Antp lines in the labial and T1 segments ( . The presence of a repressor motif (WRPW) seems to suffice for functionality of the transcription factor in the repression of Scr. To ensure comparable expression levels among constructs and to compare the relative protein concentration of each line with the WT protein levels, we quantified the relative fluorescence intensity of each protein after staining with antibodies, as in ref. 24 . Surprisingly, all constructs tested were expressed in approximately equal or lower amounts than the endogenous Antp protein, indicating that the observed phenotypes are not a result of overexpression (SI Appendix, Fig. S5 ).
However, activation of Tsh by full-length proteins and synthetic Antp peptides requires a functional YPWM motif ( Fig. 2B and SI Appendix, Fig. S4B ). Differences in the potency of ectopic Tsh activation were also observed between the full-length (Fig.  2B , lines 1 and 2) and synthetic YPWM Antp genes (Fig. 2B , lines 9 and 10), but the trend was the opposite of that displayed in homeotic transformations in the embryo or in the repression of Scr. In this case, the long-linker construct activated Tsh in a domain as extensive as the full-length WT Antp, whereas the effect of the short-linker construct was weaker. Therefore, the YPWM motif is indispensable for transcriptional activation, but repression can be achieved at least partially by its substitution by WRPW. Also, the long linker between the HD and the YPWM motif seems to favor Antp function in activation, whereas the short linker favors repression of downstream genes.
Synthetic Antp Genes Featuring a Functional YPWM Motif Cause Antenna-to-Tarsus and Eye-to-Wing Transformations. We used the Distal-less (Dll) enhancer to generate tarsal transformations in the antenna. Ectopic T2-legs bearing apical and/or preapical bristles on the distal tibia were generated only by full-length proteins and synthetic Antp peptides featuring a functional YPWM motif (Fig. 3A and SI Appendix, Fig. S6 ). As anticipated, no transformation or a mild thickening of the arista with a few ectopic leg bristles on the third antennal segment (A3) were observed with the full-length AAAA,LL Antp (Fig. 3A, line 3 ) and the corresponding synthetic peptide (Fig. 3A, line 11 ), suggesting mild transformation by the HD alone. The same rule applied to AAAA,LL Antp WRPW , where numerous tarsal bristles and absence of the arista were identified on the antenna (SI Appendix, Fig. S6 , line 5). Synthetic peptides and full-length Antp proteins with YPWM-to-WRPW substitutions caused overgrowth of the A3 segment (SI Appendix, Fig. S6, lines 7, 8, 13 and 14) , which occasionally displayed leg bristles. Finally, the antennal tarsi generated by both the full-length and synthetic YPWM Antp lines also showed a strong dependence on the size of the linker between the HD and YPWM motif, with the long-linker constructs giving rise to more dramatic phenotypes than the short-linker ones (compare line 1 with 2 and line 9 with 10 in Fig. 3A) . The strength of the transformation was assessed by (i) whether only the arista or both the arista and the third antennal segment were transformed, (ii) the presence of claws on the distal tarsi, and (iii) whether tarsal and tibial or only tarsal structures could be detected. Thus, a functional YPWM motif, but not the N terminus, is indispensable for Antp gain of function in the antenna. The WRPW cannot substitute for the tetrapeptide in this case; however, the linker size seems to play a considerable role, with the long-linker lines favoring stronger transformations (SI Appendix, Fig. S6, lines 7 and 8) .
However, Antp is responsible for specifying the entire mesothorax with a pair of legs (ventral appendages) and a pair of wings (dorsal appendages). We have shown previously that Antp can induce ectopic wings in the dorsal head when misexpressed in a toy mutant background (5) . Because the toy gene is required for antennal morphogenesis, we expressed Antp ectopically in a hy- pomorphic toy mutant background (toy D2 ) using decapendaplegic (dpp blink )-Gal4. We observed eye-to-wing transformations with the synthetic YPWM Antp constructs, comparable to the Antp 73b gainof-function allele (Fig. 3B) , whereas the synthetic AAAA Antp lines did not show this transformation. Again, as in the tarsal transformations described above, the long-linker construct conferred a more dramatic phenotype than the short-linker line (Fig. 3B , lines 9 and 10).
Synthetic Antp Genes Repress Antennal-Specific and Activate LegSpecific Genes in Antennal Discs Undergoing Tarsal Transformations.
Tarsal transformations in the antennal disc require the repression of genes needed for antennal morphogenesis and ectopic activation of leg-specific genes; this repression allows antennal disc cells to commit themselves to the leg-determination program (5, 25). We and others have shown previously that antennal-specific genes such as Salm (26) and dan (27) are repressed in the antennal disc, whereas leg-specific markers such as grn are ectopically activated upon expression of Antp (28). That full-length or synthetic Scr genes (29) also confer the aforementioned changes in the antennal determination program suggests a general mechanism by which the regulation of Salm, dan, and grn is altered in discs undergoing tarsal transformations. As expected, Salm ( Fig. S6, line 13 ), but no pronounced tarsal phenotypes were observed. Staining for Salm has been performed using both an anti-Salm antibody and a previously described Salm-lacZ enhancer trap chromosome (26) . In both cases, all lines behaved in the same fashion, an indication that Antp acts at the transcriptional level to repress Salm.
On the other hand, the ectopic activation of grn in the antennal disc ( Fig. 5 and SI Appendix, Fig. S9 ) followed the same principle as the ectopic activation of Tsh in the embryo: An absolute requirement for a functional YPWM motif (Fig. 5, Lower) was observed, but the constructs with the AAAA substitution were indistinguishable from the control disc bearing a single enhancer trap chromosome (SI Appendix, Fig. S9 ). Moreover, constructs in which WRPW replaced the YPWM motif (SI Appendix, Fig. S9 , lines 7, 8, 13 and 14) failed to activate transcription of the reporter, thus confirming our previous findings regarding the strict requirement for the YPWM motif in transcriptional activation. All observed phenotypes are summarized quantitatively in SI Appendix, Table S1 . To analyze the ability of full-length proteins and synthetic Antp peptides to bind DNA and interact with cofactors via the YPWM motif, we performed gel-shift assays using the consensus HD binding site BS2 (SI Appendix, Fig. S10 ) (30) . As expected, all constructs bind to the labeled oligonucleotide, but those bearing a YPWM motif form additional complexes in the presence of Exd (31) (32) (33) or Bip2 (15, 34) , which migrate higher than the Antp proteins alone. Each construct is represented by three lanes, the first containing Antp and the second and third also containing Exd or Bip2, respectively. The synthetic YPWM Antp peptides also interact with Exd and Bip2, albeit more weakly. We also used an ex vivo assay to evaluate the aforementioned interaction quantitatively. For this purpose, we performed transactivation experiments in cell culture using a luciferase reporter gene under the control of BS2 sites (SI Appendix, Figs. S11 and S12).
Discussion
Earlier studies have shown that the HD plays an essential role in Hox gene function. However, ectopic expression of the HD alone results in little, if any, homeotic transformation (14, 18) . By combining the HD with the YPWM motif in synthetic gene constructs, we successfully reconstructed the homeotic functions of two Hox genes, Scr (29, 35) and Antp (this study). Substitutions of the YPWM motif by WRPW retain the repressive activity of Antp, and C-terminal fusions of the WRPW motif to full-length proteins convert them into stronger repressors. On the other hand, the en repression domain-also able to interact with Gro in vivo (36)-does not confer significant changes to Antp functioning as a repressor or activator. We also evaluated the role of the size of the linker between the YPWM motif and the HD, using naturally occurring splicing variants of Antp with an eight-or a four-amino acid linker. We found that the longlinker variant renders the protein a stronger activator, and the short-linker makes the protein a stronger repressor of transcription in vivo. This result, combined with the finding that mutation of the linker sequence did not alter its specificity, suggests that Antp specificity depends partially on linker size but not on sequence. Finally, we observed that synthetic peptides and full-length proteins can interact with Exd and Bip2, but all require an intact YPWM motif. The WRPW motif cannot substitute for YPWM in this case.
The Antp YPWM Motif Has a Dual Role in Transcriptional Activation and Repression. The YPWM motif is required for Antp homeotic function in the embryo, larva, and adult fly, but the flanking regions of YPWM have no effect on Antp function. The YPWM motif has a dual role in Antp function, because it is necessary and indispensable for activation and repression of all Antp target genes tested: repression of endogenous Scr, ectopic activation of Tsh, repression of Salm and dan, and ectopic activation of grn. These properties indicate the essential role of the YPWM motif in recruiting both corepressors and coactivators. The YPWM motif is also required for ectopic induction of mesothoracic leg structures and for interaction with Exd and Bip2 cofactors in gel shift and transactivation assays. However, substitution by WRPW retains to a large extent its repressor activity in both synthetic peptides and full-length proteins and results in partial to complete repression of reporter genes.
We have shown previously that the YPWM motif acts as an activation domain in transactivation experiments (15) . To examine whether the YPWM motif also can act as a repressor domain, we fused it to the C terminus of the Gal4 protein and tested its binding to UAS and its transactivation efficiency. We observed that the Gal4 YPWM protein decreased transcription of the reporter by about 60%, whereas a quadruple-alanine fusion (Gal4 AAAA ) did not (SI Appendix, Fig. S13 ). Therefore, the YPWM motif, in addition to its role as an activation module, can act as a potent repressor module in vivo.
The differential requirements for a functional YPWM motif in Antp support the notion that different rules may apply in Hoxmediated transcriptional repression versus activation. Sequence comparisons among Hox binding preferences to direct targets (9) show that Pbc-Hox sites usually are found in enhancers of genes activated by a Pbc-Hox complex, whereas regulatory elements bound by Hox factors alone (without any Pbc input) are distributed equally among the genes activated and repressed by Hox factors. This observation supports the idea that Hox-mediated activation depends largely on cofactors, whereas repression does not always require them.
Our phenotypic observations in the embryo, in which both the 
Antp
WRPW construct can ectopically activate grn (Fig. 5, line 4) , whereas the AAAA,LL Antp WRPW line cannot (Fig. 5, line 5) , indicates that Antp can act as a bona fide activator and that the activation of grn may be direct.
The substitution of the YPWM motif by alanines strongly decreases but does not entirely abolish Antp homeotic function in full-length and synthetic AAAA Antp constructs, because they still exhibit aristal transformations and display ectopic leg bristles on the A3 segment, suggesting weak transformations toward leg identity. Similar behavior of AAAA-substituted Antp has been reported in flies for the full-length AAAA,LL Antp, coinduced with a constitutively active Notch (15), or the beetle fushi tarazu gene encoding a protein with a YPWM-to-AAAA substitution (37) . Also, the phenotypes of AAAA Antp in the antenna are in line with the head-involution defects in the larval cuticle early in development. Although the AAAA-substituted synthetic peptides fail overall to exhibit significant phenotypes, they still infer mild malformations in the larval head, including defects in the formation of the mouth hooks and, in these cases, lethality. However, unlike their homeotic effect in the antenna, these lines retain T1 identity in the cuticle, as demonstrated by the presence of prothoracic beards.
The Long and Short Linkers Between the YPWM Motif and the HD Enhance the Activation or Repression Capacity of Antp, Respectively.
In the embryo, the antennal disc, and in Drosophila S2 cells the long-linker Antp proteins behaved as potent activators, whereas the short-linker constructs acted as strong repressors. The longlinker variant is expressed predominantly in embryonic stages, and equal amounts of both variants are detected in larval, pupal, and adult stages (17) . Thus, different Antp transcripts might play distinct, albeit similar, roles in development. Isoforms with different linker sizes also are found in Ultrabithorax (Ubx) (38) , and in Abdominal A mutations in the linker decrease its activation capacity on the wingless enhancer (39) . Recently, the size of the linker between the YPWM and the HD of Ubx was found to play a regulatory role in Ubx function, with the long-and short-linker variants not being interchangeable in vivo (40) . In the same study, the short-linker variant was found to bind DNA more strongly than its long-linker relative, in the presence of Exd. In line with these arguments, the Antp short-linker variant also interacted more strongly with Exd and more weakly with Bip2 than did its long-linker counterpart (SI Appendix, Fig. S12 ).
A C-Terminal Portion of Antp Containing the HD and YPWM Motif
Suffices for Homeotic Function in Drosophila. One possible N-terminal domain to which potency could be attributed is the polyglutamine (poly-Q) stretch (present in the N terminus of Antp and absent in synthetic Antp peptides), which has been proposed to function as an activator domain in Bicoid (41) and Abdominal B (39) . Another conserved motif present in the N terminus of many homeoproteins (24) and reported to participate in transcriptional potency in the fly Scr (24) and the mouse Hoxa5 (42) is the TSYF motif (SSYF in Scr). An alignment of various Antp orthologs showed that the N and C termini of all proteins are largely variable between insects and mammals, with the latter displaying shorter N termini devoid of poly-Q stretches (SI Appendix, Fig. S14 ). The residues flanking the YPWM motif are slightly conserved in arthropods but not between arthropods and mammals, an observation that is in line with our finding that their substitution by alanines does not affect the homeotic function of the protein (SI Appendix, Fig. S1 ). However, the linker between the HD and the YPWM motif, differentially spliced in the transcripts of at least some Hox transcripts (Antp, Ubx), could account for increased specificity of target selection in vivo. Recent evidence shows that the regions flanking the Ubx YPWM motif (alternatively spliced in Ubx isoforms) are responsible for Ubx specificity in vivo (40, 43) . Moreover, the YPWM motif and the linker region (termed "the specificity module") of Deformed and Scr result in their unique regulatory behavior in vivo, and nonconserved domains N-terminal to this region allow subtle differences in Hox-DNA recognition properties. These differences can have a considerable impact on the transcriptional output-activation versus repression-of target genes (44) . Finally, decisions on whether certain Hox factors function as activators or repressors in a specific context can result from the abundance of their isoforms rather than from the regulatory sequences to which they bind. The finding that the same enhancer element upstream of the murine Six2 gene is activated by Hox11 and repressed by Hoxa2 (45) substantiates this hypothesis. The Power of Synthetic Genes. Our study has increased our understanding of synthetic genes. Hypothesizing that protein function is a sum of the functions of its protein domains, the latter being oriented in a precise 3D conformation that allows normal interactions to take place, we may not be not far from attempting to engineer and possibly predict the functions of novel synthetic peptides on the basis of the structural architecture of their protein domains. Inversely, functions of proteins might be scaled down to fractions of their sequences, with each domain retaining only a subset of these functions. So far, we have reconstructed successfully, to a great extent, the function of two Hox proteins, Antp and Scr, using their synthetic-peptide versions, and have demonstrated that they act predictably in vivo. If biomedically relevant proteins also fell in this category, the development and use of their corresponding synthetic peptides might present advantages over their full-length counterparts for application in vivo, because of their smaller size and more easily understood molecular properties. Novel proteins with predictable functions have been constructed successfully, e.g., with the neuronal Wiskott-Aldrich protein, N-WASP (46) , and guanine nucleotide exchange factors (47) , in which integrating artificial domains that respond to nonnative inputs led to the precise control of physiological responses, such as the formation of filopodia or lamellipodia.
Materials and Methods
Plasmids were generated using standard procedures, and fly transgenesis was performed as described (48) . Preparation of embryos was performed as in ref. 9 , and imaginal discs were prepared as described (29) . Embryonic cuticles were prepared according to ref. 19 . Gel-shift assays were performed as described (49) . Detailed methods are outlined in SI Appendix, Materials and Methods.
